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Magnetoelastic tetragonal-to-orthorhombic distortion in ErNi2B2C
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We have performed synchrotron x-ray scattering experiments on single crystals of ErNi2B2C. Below 6.3 K,
the (2,0,0) Bragg peak splits, indicating a tetragonal-to-orthorhombic distortion. The mismatch between thea
andb lattice parameters appears coincident with the onset of long-range antiferromagnetic order and increases
continuously with decreasing temperature, reaching a value ofa/b21'0.2% at 3.7 K.
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Investigations of the physical properties of the recen
discovered1–5 superconducting rare-earth nickel borid
carbides,RNi 2B 2C (R5rare earth!, continue to provide fur-
ther insight into the interplay between superconductivity a
magnetism. The structure of these compounds is tetrag
~space groupI4/mmm), consisting ofRC layers separated b
Ni 2B 2 sheets.3 Superconductivity has been reported not on
for the nonmagnetic rare-earth elements, but also for so
heavy magnetic rare-earth members, including Tm (TC
510.8 K!,6 Er (TC510.5 K!,7 Ho (TC58.5K!,8,9 and, most
recently, Dy (TC56.2 K!.10 In these latter compounds supe
conductivity coexists with magnetic ordering over some te
perature range. Electronic band-structure calculations11–14

indicate that these materials are conventional supercond
ors with a relatively high density of states at the Fermi lev

Throughout the series, the Ne´el temperature,TN , scales
with the de Gennes factor. This, along with the large vari
of magnetic structures observed in neutron and x-ray exp
ments, is consistent with long-range order of localized m
netic moments coupled via a Ruderman-Kittel-Kasu
Yosida-type interaction.~For recent overviews, see Ref
15–17.! The strong anisotropic magnetic behavior found
some members of the family indicates that crystall
electric-field energies~CEF! also play an important role in
the formation of the magnetically ordered state.8,7,18,9,19

In ErNi 2B 2C, superconductivity is observed belowTC
510.5 K.2,5,7 The onset of long-range antiferromagnetic o
der belowTN56.0 K lowers the upper critical field,Hc2,
especially if the field is applied perpendicular to the (0,0
axis. Previous neutron-diffraction experiments, carried
on powder20 and single-crystal21 samples, show tha
ErNi2B2C orders in a transverse spin-density wave w
modulation wave vectorqa5(0.55,0,0) and with alignmen
of the magnetic moments parallel to the (0,1,0) axis of
crystal. The tetragonal symmetry of the crystal also impl
the existence of domains with modulation wave vectorqb
5(0,0.55,0) and alignment of the moments along (1,0,
As the temperature is lowered, higher harmonic satell
were observed to develop,20,21 which shows that the spin
density wave ‘‘squares up’’; the modulation wave vector
approximately independent of temperature.20,21 A similar
magnetic structure was observed in the Gd compoun22
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while TbNi2B 2C forms a longitudinal spin-density wav
with approximately the same wave vector.23 A complicated
structure with two modulation wave vectors, (0.59,0,0) a
(0,0,0.92), is found24–28 in HoNi 2B 2C between 6.0 and 4.7
K, whereas at lower temperatures it orders into a sim
antiferromagnetic structure with modulation wave vec
(0,0,1).

More recently, small-angle neutron scattering has b
used to study the vortex structure of ErNi2B 2C.29,30 At high
fields, these experiments observed a square flux-line lat
while at low fields the flux lines order in the hexagonal la
tice more typically found in type-II superconductors.30,31 In
addition, a significant coupling between the magnetic ord
ing and the flux lines was observed, as evidenced by rota
of the vortex lines away from the direction of the applie
field below the Ne´el transition, coincident with disordering
of the flux-line lattice.29 These data demonstrate how, in
magnetic superconductor, the vortex lattice structure may
coupled to the magnetic-order parameter.

In this paper, we report the results of x-ray-diffractio
measurements on ErNi2B 2C and demonstrate the existen
of an interaction between the crystal structure and
magnetic-order parameter by means of conventional crys
line electric field~CEF! coupling.

Single crystals of ErNi2B 2C were grown at the Ames
Laboratory using a high-temperature flux-grow
technique.8,7 Platelets extracted from the flux were examin
by x-ray diffraction and were found to be high-quality sing
crystals with the (0,0,1) axis perpendicular to their flat s
face. Magnetization measurements were performed a
function of temperature and magnetic field, using a Quant
Design superconducting quantum interference device ma
tometer on single crystals from a similar batch as those u
in the x-ray experiments. The details of these measurem
have been reported elsewhere.7,32 The sample was cut per
pendicular to the (1,0,0) direction and the resulting face w
mechanically polished to obtain a flat, oriented surface
x-ray diffraction. After polishing, the crystal was annealed
900 °C in a vacuum of 1027 torr for 36 h. The sample di-
mensions after polishing were approximately 331.5
30.5 mm3.
7843 © 1997 The American Physical Society
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The synchrotron experiments were carried out at
bending magnet beamline X22C of the National Synchrot
Light Source, using a Ge(1,1,1) double bounce monoch
mator and an asymmetric cut Ge(1,1,1) analyzer. A
coated toroidal focusing mirror upstream of the monoch
mator was used to eliminate higher harmonics in the incid
beam. The sample was mounted on the cold finger of a
liplex closed-cycle refrigerator~base temperature 3.5 K! so
that its (h,0,l ) zone was coincident with the vertical scatte
ing plane of the diffractometer. The mosaic spread of
(h,0,0) reflections was characterized by a full width at h
maximum ~FWHM! of 0.04°. For the measurements of th
crystal lattice distortion, the incident photon energy w
tuned to 8 keV, well below the ErL1,2,3 and the NiK ab-
sorption edges.

Above the Ne´el temperature, as determined by susce
bility measurements,7 clearly defined Bragg peaks (h,k,l )
with a characteristic width~FWHM! of 0.003 Å21 were ob-
served ath1k1 l 52n, where n is an integer. The only
structure present in these peaks is a slight asymmetry th
also seen in scans through the incident beam. We there
have taken these peaks to be resolution limited.

Figure 1 shows longitudinal scans through the (2,0
Bragg peak for selected temperatures. As the sampl
cooled below'6.3 K, the peak first broadens and then spl
consistent with a tetragonal to orthorhombic phase transit

FIG. 1. Representative longitudinal scans of the (2,0,0) Br
peak at selected temperatures. The lines represent the resu
least-squares fits as described in the text. The scan taken at 8
was assumed to be resolution limited and was used as a refe
scan for the fitting procedure.
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The high- and low-Q peaks then correspond to the (0,2,
and (2,0,0) Bragg peaks of separate domains that are ro
by 90° relative to each other around their (0,0,1) axes.
hysteresis was observed when these measurements we
peated on warming. Despite the relative ease encountere
other rare-earth borocarbides,22,28,33 we were unable to ob-
serve x-ray magnetic scattering at the ErL3 resonance~8.358
keV! in this material. We believe this is a result of the stro
absorption arising from the combination of Ni in the samp
and in the mirror, and the presence of the nearby NiK edge
~8.333 keV!.

Figure 2 summarizes the temperature dependence o
(2,0,0) Bragg peak as measured on cooling. The lattice
rameters,a andb, were extracted by fitting each scan to th
convolution of a resolution-limited reference scan~8.40 K!

g
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K
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FIG. 2. ~a! The a andb lattice parameters extracted from a s
of longitudinal scans of the (2,0,0) Bragg peak.~b! The distortion-
order parameter,a/b21. The line represents a least-squares fit t
power law,A(12T/TN)2b, as discussed in the text.~c! Intensity of
a magnetic Bragg reflection, from Ref. 20. The line represen
least-squares fit to a power law.~d! Specific heat,Cp , in zero
applied field, from Ref. 7.
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with two Gaussian line shapes with a fixed width. The resu
of this procedure are displayed in Fig. 2~a!. In the tempera-
ture range between 5.9 and 6.3 K, the raw data shows a s
broadening of the (2,0,0) Bragg peak and, within the re
lution of this experiment, it is not possible to distinguish tw
separate peaks. This broadening is therefore represente
the error bars shown in Figs. 2~a! and 2~b!. The line in Fig.
2~b! shows the result of fitting the splitting,a/b21, to a
power law in the reduced temperature. For the fit shown
the figure,TN55.960.2 K. In Fig. 2~c!, we show the inten-
sity of a magnetic Bragg reflection as measured by neu
powder diffraction.20 A least-squares fit to a power law, rep
resented by the line, indicates a ordering temperatureTN
'5.860.5 K. While this ordering temperature agrees w
the values obtained from the splitting and from magneti
tion measurements@Fig. 2~d!#, it is lower than those reporte
by Sinhaet al. (TN56.8 K, Refs. 20,17!, obtained from a fit
to a Brillouin function, and by Zarestkyet al. (TN'7 K,
Ref. 21!. We attribute the differences inTN to critical scat-
tering observed above the ordering temperature. Finally
Fig. 2~d!, we present the specific heat of ErNi2B 2C as mea-
sured by Choet al. ~Ref. 7! in zero applied field. These au
thors observed a large,l shaped anomaly with a peak
5.960.2 K, which they associated with the transition of t
Er sublattice from paramagnetism to antiferromagnetic ord

To verify that the symmetry at low temperatures is inde
orthorhombic, we studied a sample prepared from crus
single crystals at the high-resolution powder diffractome
H1A of the High Flux Beam Reactor at Brookhaven Nation
Laboratory. A full profile analysis, using theFULLPROF

code,34 was performed on the data taken atT53.4 K. The
results are consistent with an orthorhombic distortion
mentioned above. Due to low counting statistics and so
strain broadening, however, it was not possible to determ
from the refinement if the magnetic modulation wave vec
is oriented along the long (a) or the short (b) basal plane
axis.
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This type of magnetoelastic distortion is common in ra
earth compounds~see, for example, Ref. 35 and referenc
therein!. Quantitative calculations of the shape of the ma
netic orbitals and the resulting magnetoelastic distortion
quire precise evaluation of the competing CEF, elastic a
magnetic terms in the Hamiltonian,35 and have not been per
formed. Nonetheless, we may draw some qualitative con
sions about the other materials in the series.

For the Gd member of theRNi 2B 2C family, which orders
with an antiferromagnetic structure very similar to that of t
Er compound, we do not expect a magnetoelastic distort
since the Gd31 ion in its ground state,8S7/2, has spherical
symmetry. Indeed, no magnetoelastic effects were obse
in an earlier high-resolution x-ray study22 of this material. In
addition, no magnetoelastic effects were observed in hi
resolution x-ray experiments on the Sm and N
compounds.28,33 In the Sm compound, the moments a
aligned parallel to~0,0,1!, so that magnetostrictive effect
would change thea/c ratio without breaking the crystal sym
metry. In HoNi2B 2C a small magnetostriction was observ
as an increase in the mosaic width of nuclear reflections
earlier neutron experiments.24 For TbNi2B 2C, which orders
into a longitudinal spin-density wave state with modulati
wave vector (0.55,0,0), we expect a magnetoela
tetragonal-to-orthorhombic distortion similar to that of the
compound. High-resolution x-ray-diffraction experiments
probe the structure of this material are planned.

The authors are grateful to Doon Gibbs, B. N. Harmon,
König, and J. W. Lynn for many useful discussions. Am
Laboratory is operated by the U.S. Department of Energy
Iowa State University under Contract No. W-7405-Eng-8
This work was supported by the Director for Energy R
search, Office of Basic Sciences. The work at Brookha
National Laboratory was carried out under Contract No. D
AC02-76CH00016, Division of Materials Science, U.S. D
partment of Energy.
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